A new method for determining the optimal heat-exchanger layout in a heat recovery steam generator and its operating parameters are presented in this paper. A robust mathematical model is developed, where arbitrary steam-pressure levels and steam-reheating levels can be set. The method considers all the possible heat-exchanger layouts, in both serial and parallel arrangements of steam pressure levels or steam reheating levels. The maximum thermodynamic efficiency of the steam-turbine cycle is set as the objective function. The results show that the optimal high pressure in heat recovery steam generator without reheating is in the region of subcritical pressures, whereas that for a heat recovery steam generator with reheating is in the region of supercritical pressures. In the case of similar water or steam temperature profiles in the heat exchangers of different steam pressure levels or reheating level, from a thermodynamic viewpoint, it is justified to use a parallel heat-exchanger arrangement.
Introduction
The electrical energy consumption in the world increases each year, i.e., the consumption of fossil fuels increases yearly. The use of fossil fuels causes greenhouse gas emissions such as CO 2 emissions, which, according to many scientists, are one of the main causes of climate change. To reduce CO 2 emissions, the European Union (EU) imposed the ''2020 Climate & Energy Package," which is a set of binding legislations for ensuring that the EU meets its climate and energy targets by the year 2020. The main goals of this legislation are a 20% reduction in greenhouse-gas emissions, a 20% improvement in energy efficiency, and obtaining 20% of total produced energy from renewables [1] . The need to improve the thermodynamic efficiency of the combined-cycle power plant (CCPP) is emerging as one of the measures of the proposed EU 2020 package for increasing energy efficiency.
The best modern CCPPs achieve a thermodynamic efficiency of above 60%. Examples are CCPP Irsching 4 in Germany with a thermodynamic efficiency of 60.4% [2] and CCPP Bouchain in France with a thermodynamic efficiency of 62.22% [3] . The thermodynamic efficiency of the CCPP (g CCPP ) can be increased in two ways: by increasing the thermodynamic efficiency of the gas-turbine part of the power plant (g GT ) or by increasing the thermodynamic efficiency of the steam-turbine part of the power plant (g ST ). However, not every increase in g GT or g ST results in a corresponding increase of g CCPP , because increasing g GT does not necessarily increase g ST . The same is valid for an increase in g ST . There is an optimal change in g GT =g ST that results in an increase in g CCPP [4] .
Contemporary CCPPs have an almost continuous expansion curve in the gas-turbine part of the cycle, that ranges from approximately 1500 to 600°C and continue in the steam-turbine part of the cycle, from 600 to 25°C. Minimal disruption exists, only because of the necessary temperature difference between the flue gas and the fresh steam at the steam-generator outlet. In a heat recovery steam generator (HRSG), unlike in a conventional steam generator, the temperature difference between the inlet flue gas and the fresh steam is relatively small; thus, it comes to pinch-point occurrence [5] . The diagram in Fig. 1 shows the relationship between the temperature profile of the flue gas and working fluid and the exchanged heat flux. In this case, the working fluid enters an HRSG with a temperature of 25°C, and the flue gas enters the HRSG with a temperature of 600°C. The flue-gas temperature decreases as it transfers heat to the working fluid, whose temperature increases. At the saturation temperature, the temperature profile of the working fluid (subcritical pressures) remains constant, i.e., the working fluid evaporates. During the evaporation, the specific heat capacity of the working fluid becomes infinite. Because of this phenomenon, which affects the working-fluid temperature profile, it can be said that the pinch point is the result of the increase in the specific heat capacity of water heated in the economizer and its infinite value during evaporation on one hand and a result of the small temperature difference between the inlet flue gas and the fresh steam on the other hand. The increase of the aforementioned temperature difference always reduces the pinch-point effect. A consequence of the pinch-point effect is the inability to cool the flue gas to temperatures close to the inlet feed water temperature.
This reduces the thermodynamic efficiency of the HRSG (g HRSG ).
Thus, to achieve a high g ST , it is necessary for the g HRSG and the thermodynamic efficiency of the steam cycle (g SC ) to be high, which are mutually opposing parameters in HRSGs. Therefore, it is necessary to determine the optimal relationship between these two values. This optimal relationship between g HRSG and g SC can be achieved only via the simultaneous optimization of the heatexchanger layout of the HRSG and the working-fluid parameters (pressure, temperature, mass flow). Modern HRSGs have more than one pressure level. Additional pressure levels offer lower pressures and lower superheating temperatures. They allow further utilization of the flue-gas waste heat in contrast to systems with only one pressure level [6] . Unfortunately, the g SC of these additional pressure levels is lower than the g SC of the first pressure level.
Many studies have been performed on the optimization of a CCPP. Some studies use a thermoeconomic approach, which is a compromise between improving the thermodynamic efficiency and reducing investment costs. Valdes et al. [7] optimized the combined cycle with HRSGs having one and more pressure levels, using the production cost per unit of generated electricity and the annual cash flow as objective functions. Optimizing the heat-exchanger layout was not an aim of their work. They optimized only the working parameters, such as the pressure and temperature. Katovicz and Bartela [8] optimized a HRSG with triple-pressure (TP) steam and a reheater, analyzing the influence of the fuel price on the optimum operating parameters. The objective function was the net present value of investment. They did not optimize the heat-exchanger layout. Rahim [9] performed a sensitivity analysis for single, double, and TP HRSGs in a CCPP. They performed a parametric analysis of the influence of the working parameters on the thermodynamic efficiency of a CCPP. Feng et al. [10] optimized three different layouts of a dual-pressure HRSG. Naemi et al. [11] optimized the performance of an HRSG using different objective functions (exergy waste and exergy destruction). They only optimized the working parameters. Tajik Mansouri et al. [12] studied different configurations of HRSGs with two and three pressure levels and the same gas turbine as the topping cycle (Brayton cycle) and evaluated the exergy efficiency of each configuration. Rovira et. al. [13] developed a thermoeconomic optimization model whose objective function minimized the price of electricity, considering that power plants often operate with a partial load. More complex optimization methods based on exergoenergetic analyses are also the focus of researchers. Exergoeconomic theory combines the second law of thermodynamics [14] with economic principles in order to consider the cost of thermodynamic imperfections (losses) in the total cost of running a power plant [15] . In recent years, interest in the exergoeconomic optimization of power-plant operation has grown, including cogeneration systems [16] and systems with renewable energy sources [17] . Ahmadi and Dincer [18] applied exergoeconomic theory for the optimization of a CCPP with two pressure levels of steam and additional fuel combustion while observing the impact of fuel prices on the optimization parameters. Petrakopoulou et al. [19] performed a thorough exergoeconomic analysis to determine the potential benefits of using a system with TP steam. Carapelluci and Giordano [20] applied two methods for optimizing the operating parameters of a CCPP: a) minimizing the cost per unit of generated electricity and b) minimizing the objective function representing exergoeconomic losses associated with thermodynamic irreversibility. The optimization was performed for different configurations of combined power plants with different pressure levels of steam, different gas turbines, and different fuel prices.
Thus far, no studies have involved the simultaneous optimization of the HRSG heat-exchanger layout and the operating parameters of each pressure level. The proposed simultaneous optimization is essential for determining the HRSG configuration of a CCPP topping cycle, which allows the determination of the optimal thermodynamic efficiency of a power plant. The mathematical model described in this paper allows the determination of the optimal HRSG heat-exchanger layout (heat exchangers of each pressure level can be in their mutual parallel and/or serial positions) and working parameters by using a genetic algorithm as the main optimization algorithm.
Mathematical model
The relationship between the thermodynamic efficiencies of the steam-turbine cycle, gas-turbine cycle, and combined power plant is given by the following equation:
From a mathematical viewpoint, Eq. (1) is a function of two equally significant variables and can be rewritten as
However, in reality, there is a difference between the impacts of g GT and g ST on g CCPP , because g GT does not depend on g ST , whereas the theoretical maximum of g ST depends on g GT . At a constant gasturbine inlet temperature, g ST is inversely proportional to g GT because an increase of g GT reduces the output flue-gas temperature from the gas turbine and thus reduces the average temperature of the heat delivered to the steam-turbine cycle. Carefully examining Eq. (1) reveals that the bottom cycle would not have an available heat ratio of 1 À g GT but would be reduced by the loss of radiation owing to the temperature difference between the outer casing of the gas turbine and the environment, the losses in the gasturbine electrical generator, and other mechanical losses. Because of their minor impact on g GT , these losses are not considered [21] . Considering them is not necessary for this study, because the amount of heat delivered to the HRSG is represented by the HRSG flue-gas inlet temperature, i.e., only g ST is optimized, which indirectly affects the increase of g CCPP .
The thermodynamic efficiency of the steam-turbine part of the combined cycle is
The thermodynamic efficiency of the steam-turbine cycle is
The thermodynamic efficiency of the HRSG is This setup allows a parallel arrangement of any two or more heat exchangers belonging to different steam-pressure levels or reheating levels.
To ensure the arbitrary positioning of heat exchangers with different pressure levels, a sufficient number of heat exchangers in each series was necessary. This way, any mutual position combination of heat exchangers could be described, in both the serial and parallel directions. An optimization program determined the enthalpy increment in each heat exchanger. The enthalpy increment could be equal to zero, which means that in this position, there was no heat exchanger. Thus, the optimization routine determined the configuration of the HRSG.
Because the thermodynamic efficiency of a steam turbine strongly affects the mechanical energy produced in the turbine, it was necessary to avoid an erroneous calculation of the produced mechanical energy, which occurs if the produced energy is calculated as a result of the multistage expansion in the turbine. For a multistage expansion turbine, the produced mechanical energy is higher than that in the case of a single expansion turbine. If the energy produced for a single expansion turbine is calculated, the erroneous calculation is avoided, as is case in this study. This is why each pressure level has its own turbine. This way, the calculation of the multistage expansion in the turbine is avoided; each pressure level expands from the working pressure to the condensation pressure. The problem with multistage/single expansion in turbines is well-known in turbomachinery theory [22] . To simplify the calculation, in this study, the thermodynamic efficiency of the turbine is set to be constant and equal to 90%, which is a typical approach [23] .
The water and flue-gas pressure reductions are ignored because they depend on the geometrical characteristics of the steam generator and are somewhat independent of the heat-exchanger arrangement. The flue-gas pressure reduction can be reduced by decreasing the flue-gas speed and increasing the cross sectional area of the steam generator. The water-pressure reduction can be decreased by increasing the number of parallel lines in each heat exchanger. Such calculations are in a lower hierarchical order of optimization [24] and are therefore not covered in this paper. Because of the large number of objective-function calculations required, which reaches several hundred thousand for just one optimization, the mathematical model must be simplified as much as possible in order to perform the optimization in real time and obtain physically feasible solutions. The mathematical model was written in MATLAB, and the optimization was performed using the MATLAB genetic algorithm optimization toolbox. Xsteam tables were used for the water/steam physical properties. A simplified schematic of the calculation algorithm is shown in Fig. 3 .
The basic algorithm equations are given as follows: 
(c) for calculating the pinch point:
DT pp;i ðjÞ ¼ T fg;i ðjÞ À T wf;i ðjÞ ð 13Þ
The constraint is minðDT pp;i Þ ¼ 0 ð14Þ
Special attention was paid to finding the pinch point. The pinch point mostly occurs at the water entrance to the evaporator, but at higher pressures, the pinch point moves towards the economizer. Because the water/steam and flue-gas conditions are known only at the ends of the heat exchangers, if the pinch point is set at the beginning of the evaporator, a physically impossible solution is obtained and the calculation yields incorrect results because the calculated rates of the mass flow through the steam generator are higher than what is physically possible. Therefore, determining a real pinch point is very important for an accurate mathematical model. Each heat exchanger prior to the evaporator for each pressure level was divided into 50 parts; thus, a more accurate temperature profile of water was obtained. For each calculated mass flow rate of the first pressure level, the enthalpy and temperature profile of steam and flue gas were determined. The mass flow rates of the other pressure levels were already determined by their proportion in the mass flow of the first pressure level and represented additional independent variables. Then, the temperature differences between the flue gas and water/steam at the end of the heat exchangers were calculated. The minimum of these differences was the pinch point. When the pinch point decreases to zero, the greatest possible mass flow rate is established. Each pressure level has its own steam turbine, in which steam can expand to the condenser pressure. If the dryness fraction at the steam-turbine outlet is less than 80%, the steam expands to a higher pressure, at which the dryness fraction is exactly 80%. The dryness fraction [27] is a boundary condition imposed in the mathematical model. Such a penalty has proven to be very effective for obtaining optimal solutions because it avoids further constraints. The fuel used in the calculation was natural gas, and its content is shown in Table 1 . The input data are shown in Table 2 .
Results
In this chapter, the optimization results for different HRSG configurations (single pressure (SP), SP with reheater (SP + RH), double pressure (DP), DP with reheater (DP + RH), TP, and TP with reheater (TP + RH)) are presented. possibility of a parallel arrangement of heat exchangers. Thus, the optimization is easy-only the vapor pressure must be specified in order to determine the minimum allowed dryness fraction at the turbine outlet at the maximum fresh steam temperature of 565°C. Fig. 4 also shows that the pinch point is not at the point of the saturated liquid but is located within the economizer. In the case of an SP configuration and zero pinch point, it is impossible to cool the flue gases below 128°C. The detailed results for each calculated HRSG configuration presented in this paper are shown in Table 3 .
SP HRSG configuration

SP+RH HRSG configuration
The optimization results for the SP + RH HRSG configuration are identical to those for the SP configuration. Because of the small temperature difference between the flue gas entering the HRSG and the maximum steam temperature at the HRSG outlet (35°C), there is not enough available heat flow to be used for reheating. The model shows that the introduction of the reheater to the HRSG with one pressure level is thermodynamically justified only with an increased inlet temperature of the flue gas entering the HRSG. Fig. 5 shows a T-U diagram of the thermodynamically optimized DP HRSG configuration. The HP level is identical to that for an SP configuration without a reheater, whereas the LP level has a higher dryness fraction at the steam-turbine outlet. In  Fig. 4 , which shows the T-U diagram for the SP configuration, the pinch point is at a temperature slightly above 300°C. Below this temperature, the water curve separates from the flue gas curve, which means that at temperatures below approximately 310°C, there is available thermal flow that cannot be used in the SP configuration. This thermal flow is used by the second pressure level. For this reason, the flue gas is cooled to 55.2°C. Fig. 7 shows a T-U diagram for a thermodynamically optimized steam turbine plant with three pressure levels (TP) without a reheater. In this case, as well as for the TP HRSG configuration, genetic algorithms rarely change the initial pressures of the lower pressure levels. The IP and LP levels, because of the reduced flow rate of water/steam compared with the water/steam mass flow rate of the HP pressure level and their lower g SC , have a smaller impact then the HP level on g ST . To obtain the best possible solution, several calculations were performed with different IPs and LPs as the initial conditions. The optimal pressures reported by other authors were also considered. Bassily [26] states that the optimal pressures of the IP and LP levels were fairly constant and, for the thermodynamically optimized (TP + RH) HRSG configuration, their values were 4.5 and 1.2 bar, respectively. For the TP HRSG configuration with and without a reheater, this combination of pressures yielded the best solution among several different combinations. The differences in the thermodynamic efficiency varied by no more than 0.2% in absolute value, confirming previously stated assumptions that there are numerous pressure combinations of lower pressure levels that yield very similar solutions. Fig. 8 shows a T-U diagram for the thermodynamically optimized TP + RH HRSG configuration.
DP HRSG configuration
DP+RH HRSG configuration
TP HRSG configuration
TP+RH HRSG configuration
The thermodynamic efficiency of this plant is the highest among all the plants considered thus far. The T-U diagram shows that all the temperature curves at the pinch points adhere to the flue-gas temperature curve, which indicates good utilization of the waste heat in the HRSG. Additionally, there is a maximum possible matching of the reheater temperature curve with the temperature curves of the HP economizer and superheater, which suggests that this is a thermodynamically well-optimized configuration.
In this case, g ST is larger than that in the TP configuration, despite the fact that flue-gas outlet temperature is higher than that in the TP case. As previously stated, g ST is the product of g HRSG and g SC (Eq. (3)). A large g HRSG is insufficient to achieve a large g ST . For example, the steam generator can have a very high value of the working-fluid flow. The flue gas is cooled to a temperature that is almost equal to the temperature of the working fluid at the entrance to the HRSG, and the working-fluid temperature at the HRSG outlet is slightly higher than that at the HRSG entrance [26] 84% Steam-turbine efficiency 90% HRSG heat losses to the environment [6] 0.5% Mechanical and electrical losses [26] 2% ( Fig. 9) . In this case, g HRSG is as high as possible, but g SC is zero because the working fluid does not achieve evaporation and thus electricity is not produced in the steam turbine.
The introduction of a reheater requires heat exchange at higher temperatures, which necessitates the reduction of the workingfluid flow of a higher pressure level compared with an HRSG without a reheater. The low pressure level in both cases (TP + RH and TP) is the same (same pressure), as is the temperature at which the pinch point occurs. The total working-fluid flow (all three pressure levels) is lower for TP + RH than for TP, and this is why the flue gas cannot be cooled to the temperature for the TP case. Despite this phenomenon, by the introduction of a reheater, the average g ST of a power plant increases (the mean effective temperature of the heat increases). The conclusion is that the introduction of a reheater has a greater overall impact (positive: g ST increases) on g ST than g HRSG has (negative: g ST decreases).
Conclusion
The newly developed mathematical model allows the simultaneous determination of the optimal heat-exchanger layout and the optimal operating parameters of the steam-turbine part of a combined power plant for any flue-gas temperature at the gas turbine outlet. In contrast, in previous studies by other researchers, the heat-exchanger layout was determined in advance according to previous experience, and only the operational parameters were optimized. The mathematical model presented in this paper allows for the parallel arrangement of any two or more heat exchangers belonging to different steam pressure levels or reheating levels. The analysis was performed for a flue-gas temperature of 600°C, which is the approximate temperature currently practically used at the gas turbine outlet. With regard to the maximum temperatures, such a plant is currently feasible, but the high thermodynamically optimal pressure of fresh steam, which is greater than 400 bar if the plant has reheating, is problematic. According to Eq. (1), to increase the thermodynamic efficiency of a combined power plant with three pressure levels and a reheater (approximately 60%), g GT should be greater than 38%, but because the g ST of a thermoeconomic optimal plant is lower than 35.52%, which is the thermodynamic maximum, g GT should be increased. As shown in Table 3 , the introduction of additional pressure levels reduces the average g ST of a cycle but allows the significant increase of g HRSG , which results in an increase of g ST . By using the proposed optimization method, a large g HRSG with the maximum possible average g ST can be determined. g ST depends strongly on the properties of the working fluid, and because g HRSG almost reaches its maximum, the emphasis for the increase of g ST should be placed on the increase of the average g ST , which-along with the temperature increase at the gas turbine inlet-is the only factor that can increase g CCPP . It has been shown that for a flue-gas temperature of 600°C, the supercritical pressures are thermodynamically optimal only in plants with reheating, whereas in plants without reheating, thermodynamically optimal pressures are subcritical. This is because of the properties of water as a working fluid and the fact that to achieve the maximum g ST , it is necessary to achieve the maximum allowable moisture content at the steamturbine outlet. In this study, the maximum allowable moisture content was considered to be 20%, which is similar to the value used by other researchers. A reduction of the maximum allowable moisture content would result in a lower thermodynamically optimum pressure of the HP steam, which is closer to the design solutions. The introduction of a reheater to cycles with two or three pressure levels increases g ST , whereas the introduction of a reheater to cycles with a single pressure level reduces g ST because the temperature difference between the flue-gas inlet temperature and the temperature of the pinch point is small, which indicates insufficient heat flux for the simultaneous superheating and reheating of steam. In this case, the impact of the g HRSG reduction is more significant than the impact of the g ST increase. The same occurs in cycles with two or three pressure levels, but here, the second and third pressure levels increase g HRSG along with the higher average g ST of all the pressure levels. The optimal solutions for the heat-exchanger position often involve a parallel arrangement of heat exchangers within the HRSG. The obtained results are not the outcome of assumptions but rather a direct result of the optimization process. Some researchers have used parallel arrangements of heat exchangers, but most researchers do not realize the thermodynamic benefits of this approach and exclusively use serial heat-exchanging surfaces.
